Toward developing engineered cartilage for the treatment of cartilage defects, achieving relevant functional properties before implantation remains a significant challenge. Various chemical and mechanical stimuli have been used to enhance the functional properties of engineered musculoskeletal tissues. Recently, Ca 2 + -modulating agents have been used to enhance matrix synthesis and biomechanical properties of engineered cartilage. The objective of this study was to determine whether other known Ca 2 + modulators, digoxin and adenosine triphosphate (ATP), can be employed as novel stimuli to increase collagen synthesis and functional properties of engineered cartilage. Neocartilage constructs were formed by scaffold-free self-assembling of primary bovine articular chondrocytes. Digoxin, ATP, or both agents were added to the culture medium for 1 h/ day on days 10-14. After 4 weeks of culture, neocartilage properties were assessed for gross morphology, biochemical composition, and biomechanical properties. Digoxin and ATP were found to increase neocartilage collagen content by 52-110% over untreated controls, while maintaining proteoglycan content near native tissue values. Furthermore, digoxin and ATP increased the tensile modulus by 280% and 180%, respectively, while the application of both agents increased the modulus by 380%. The trends in tensile properties were found to correlate with the amount of collagen cross-linking. Live Ca 2 + imaging experiments revealed that both digoxin and ATP were able to increase Ca 2 + oscillations in monolayer-cultured chondrocytes. This study provides a novel approach toward directing neocartilage maturation and enhancing its functional properties using novel Ca 2 + modulators.
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Introduction
A rthritis is the second most common chronic disease in the United States. Affecting 46.4 million people annually, this disease has a tremendous socioeconomic impact. 1 The current standard approach to treating end-stage degenerative joint disease is total joint replacement surgery. To avoid such highly invasive surgical procedures, newer cell-based methods are being implemented to treat symptomatic cartilage defects earlier with the goal of delaying, if not preventing, total joint deterioration. Although satisfactory short-term outcomes have been achieved with these techniques, they do not offer a permanent solution. Recently, advancements in cartilage tissue engineering offer much promise as long-term treatment options for repairing or replacing damaged cartilage. In spite of such progress, translation of such techniques into clinical practice has not yet been achieved, as many challenges remain to be resolved. Specifically, the functional properties of engineered tissues still remain far from native tissue values, leaving the neotissue incapable of withstanding the rigorous mechanical environment of articulating joints. 2 Therefore, focusing on methods to enhance the maturation and biomechanical integrity of the neocartilage is crucial toward developing durable regenerative treatments.
Structure-function relationships dictate that a direct link exists between the extracellular matrix (ECM) content and mechanical integrity of a tissue. The classic structurefunction paradigm correlates the compressive properties of cartilage with glycosaminoglycan (GAG) composition and the tensile modulus with collagen content. 3 However, later studies have reported that the compressive and tensile moduli to each correlated with both collagen content and collagen cross-links in articular cartilage, 4,5 introducing a more complex structure-function relationship between the biochemical composition and the biomechanical properties of the tissue. More recently, studies in engineered tissues have shown pyridinoline collagen cross-links to play a critical role in stabilizing the ECM of the neocartilage and to promote structural and functional maturation of neotissues. 6, 7 Thus, developing strategies that specifically target collagen synthesis and collagen cross-linking, two fundamental aspects of an engineered cartilage's matrix, is crucial toward developing functional neotissues.
Mechanical stimuli have been used to mimic the highly loaded environment of the native tissue as a means to enhance matrix synthesis and biomechanical properties of engineered cartilage. In vitro experiments have shown that bioreactors that apply dynamic compression 8, 9 and hydrostatic pressure 10, 11 can induce chondrocytes to increase collagen and proteoglycan synthesis. Various mechanical stimuli, such as fluid flow-induced shear, 12 compression, [13] [14] [15] and hydrostatic pressure, 16 have also been shown to induce immediate increases in intracellular Ca 2 + . Thus, mechanotransduction pathways in chondrocytes have been widely linked to Ca 2 + -regulated signaling pathways. Furthermore, Ca 2 + oscillations have been shown to play significant roles in chondrogenesis, 17 chondrocyte matrix production, [18] [19] [20] and, potentially, the development of functional biomechanical properties in engineered cartilage. The complexity involved in using bioreactors to biomechanically stimulate engineered tissues, the potential confounding factors implicated in such processes, and the inconsistent results reported in the literature 8, 21, 22 have shifted interest to more direct methods. Much emphasis has instead been placed into the investigation of chemical agents that modulate known Ca 2 + -regulated molecular pathways as a means to improve the neotissue's functional properties. For instance, adenosine triphosphate (ATP) is known to induce immediate Ca 2 + oscillations in two-dimensional (2D) 23 and three-dimensional 24 -cultured chondrocytes. These Ca 2 + oscillations induced by ATP have been attributed to the activation of P2Y receptors and release of endoplasmic reticulum-stored Ca 2 + through the IP3 pathway. 24 Studies have proposed ATP to be an integral part of the chondrocyte mechanotransduction pathway. [23] [24] [25] [26] More recently, it has been shown that temporal application of ATP in chondrocyte pellet cultures 27 and engineered cartilage constructs 28 increases proteoglycan and collagen production. Thus, ATP could potentially be used as a means to modulate Ca 2 + -mediated pathways toward enhancing neocartilage functional properties.
Ouabain, a known cardiac glycoside, has similarly been shown to improve the functional properties of the neocartilage. Ouabain is a well-described inhibitor of the Na + / K + -ATPase. By disrupting membrane polarization, it can reverse the function of the Na + /Ca 2 + exchanger (NCX), thereby raising intracellular Ca 2 + . [29] [30] [31] Given its watersoluble nature and ability to selectively inhibit the Na + /K + -ATPase, ouabain has been used in biomedical research. Previous results have demonstrated that temporal application of ouabain during tissue culture (20 mM) increases neocartilage collagen content by 90% and tensile properties increase by 110% over controls. 19 In spite of the benefits of ouabain toward enhancing the functional properties of the neocartilage, it is not a clinically approved agent, thus greatly hindering its clinical applicability.
The FDA-approved cardiac glycoside digoxin is another Ca 2 + modulator that has been widely used for the treatment of cardiac pathologies. Although similar in structure to ouabain, digoxin's effects on engineered cartilage remain unknown. Despite the structural similarities between digoxin and ouabain, their intracellular effects are thought to be markedly different. 32, 33 Unlike ouabain, digoxin is able to pass through the cell membrane whereby it binds to ryanodine receptors. 34 Once bound, Ca 2 + is released from the sarcoplasmic reticulum. Digoxin is also capable of forming transmembrane calcium channels, resulting in increased intracellular Ca 2 + concentrations 35 that could potentially promote the collagen synthetic activity of chondrocytes and subsequently neotissue formation; especially considering the already approved clinical status of digoxin, the use of this agent in neocartilage tissue engineering merits investigation.
The objective of the present study was to determine whether digoxin and ATP could increase the functional properties of engineered neocartilage when applied individually or in combination. For a positive control, 20 mM of ouabain was used since its beneficial effects on chondrocytes through ion modulation have already been reported. 19 KB-R7943, an inhibitor of the NCX, and suramin, an inhibitor of the P2Y receptor, were also used to probe the mechanisms of action of digoxin and ATP, respectively. All agents were applied on days 10-14 for 1 h/day, as this treatment window has been shown to work best for mechanical and chemical stimuli that similarly alter calcium transients. 10 Overall, it was hypothesized that the simultaneous application of digoxin and ATP would additively or synergistically improve the biochemical and biomechanical properties of engineered cartilage.
Materials and Methods

Chondrocyte isolation
Superficial and middle/deep zone bovine articular chondrocytes were isolated from the femoral condyle and trochlear groove of eight calf legs (Research 87), as previously described. 10 All tissue-engineered cartilage constructs were derived from cells of the same harvest.
Self-assembly of neocartilage constructs and growth
Disc-shaped neocartilage constructs were grown, as previously described. 36 Briefly, 5.5 · 10 6 chondrocytes were seeded into 5-mm diameter 2% agarose wells. After 4 h, 400 mL of medium was carefully added. The medium formulation consisted of Dulbecco's Modified Eagle Medium (25 mM glucose with GlutaMAXÔ; Life Technologies), 100 nM dexamethasone (Sigma), 1% penicillin/streptomycin/fungizone (Lonza), 1% insulin-transferrin-selenium (BD Biosciences), 1% nonessential amino acids (Life Technologies), 100 mg/mL sodium pyruvate (Fischer Scientific), 50 mg/mL ascorbate-2-phosphate (Sigma), and 40 mg/mL L-proline (Sigma). Five hundred microliters of medium was changed every 24 h until day 10. On day 10, constructs were unconfined from the wells and placed into six-well plates where the medium was changed every 48 h. At 4 weeks, constructs were portioned for testing.
Application of digoxin, ouabain, ATP, KB-R7943, and suramin
From days 10 to 14, the constructs were treated daily with a low or high concentration of digoxin (200 nM and 20 mM; Sigma), ATP (250mM; Sigma), ouabain (20 mM; Sigma), or both digoxin (200 nM) and ATP. A concentration of 250 mM ATP has been previously shown to increase chondrocyte collagen synthesis. 28 For the groups involving the use of inhibitors, constructs were first treated with either KB-R7943 (10 mM; Tocris Bioscience) or suramin (100 mM; Tocris Bioscience), alone for 30 min. The constructs were then incubated in a medium containing both the inhibitor and the respective agent for 1 h. After treatment, constructs were washed for 30 min and returned to normal culture conditions. Stock digoxin was prepared at 20 mM in dimethyl sulfoxide (DMSO; Sigma), KB-R7943 at 20 mM in DMSO, ouabain at 1 mM in phosphate-buffered saline, and suramin at 2 mM in culture medium. ATP was freshly prepared in the medium before application. Due to differing preparation methods for each drug, no vehicle control solution was used for the control group. The final concentration of DMSO exposed to the cells is well below the threshold observed to have an effect on cell cytotoxicity and signaling. 37 
Analysis of growth metrics
Pictures of gross construct morphology were taken and construct total wet weights (WWs) measured. Each construct was then sectioned into appropriately sized pieces for biochemical and biomechanical analysis. Water content was calculated with samples used for biochemical analysis.
Histology and immunohistochemistry
Samples were cryosectioned at 16 mm, fixed in formalin, and stained with Safranin O/Fast Green and Picrosirius Red. Collagen II and collagen I immunohistochemistry were conducted, as described previously. 38 Briefly, cryosections were fixed in cold acetone and incubated with mouse anticollagen I (Accurate) and rabbit anti-collagen II (Cedarlane Labs) primary antibodies. The secondary antibodies used were anti-mouse and anti-rabbit immunoglobulin antibodies, respectively, from the Vectastain ABC kit (Vector Labs). Color was developed using the Vectastain ABC reagents and DAB (Vectastain).
Biochemical analysis
Lyophilized portions of the constructs were digested in papain for 18 h at 60°C. Total collagen content was determined by measuring hydroxyproline content using a chloramine T assay. 39 Total sulfated GAG content was measured using the Blyscan sGAG assay kit (Biocolor). DNA content was measured using the Quant-iT PicoGreen assay kit (Life Technologies) and normalized to cell number using a conversion of 7.7 ng DNA/cell. Pyridinoline cross-links were measured as previously described. 40 Briefly, tissue samples were digested in 800 mL 6 N HCl at 100°C for 18 h, dried with a SpeedVac, resuspended in 50 mL of a solution containing 10 nmol pyridoxine/mL and 2.4 mmol homoarginine/ mL (Sigma) in water, and analyzed with high performance liquid chromatography.
Biomechanical analysis
For compressive testing, 3-mm diameter punches were tested with a creep indentation apparatus, as previously described. 19 Aggregate modulus, permeability, and Poisson's ratio were calculated using a semianalytical, seminumeric, linear biphasic model, and finite element analysis. 41 For tensile testing, dog-bone-shaped samples were obtained, photographed, and subjected to uniaxial tension using an Instron Model 5565 (Instron), as previously described. 19 A strain rate of 1% of the gauge length (1.45 mm) was used. Cross-sectional areas were calculated using the photographs and ImageJ software. The linear region of the stress-strain curve was used to determine the Young's modulus. The ultimate tensile strength (UTS) was determined as the maximum stress reached in the curve.
Ca
2 + imaging of chondrocytes stimulated with ATP, digoxin, and ATP + digoxin Chondrocytes were seeded on glass coverslips (No. 1, 25 · 25 mm) at 70,000 cells/cm 2 and cultured overnight. Cells were loaded with 2.5 mM Fluo-4/AM (Life Technologies) for 1-2 h in the presence of 0.75 mM Pluronic F-127 (Life Technologies). Coverslips were placed into a custombuilt drug perfusion system using gravity flow to perfuse the cells with fresh solution at a flow rate of *1.5 mL/min. Confocal images were obtained using an Olympus FluoView 1000 Confocal Microscope (inverted configuration) with a water immersion fluorescence objective UPlanSApo 60 · , NA1.2, corrected for the thickness of the No. 1 glass coverslip that was used at the bottom of the perfusion chamber. Fluo-4 was excited with a 488 nm laser beam (laser power set to 5%), and the emitted fluorescence light was passed through a bandpass filter BA505-605 and collected with a photomultiplier tube (PMT). The PMT voltage, gain, and offset were set to avoid any saturation and to obtain high fidelity images.
Time-lapse images (6 s/frame) were acquired over 30 min in a field of view containing *20-30 cells under the 60 · objective. During the first 15 min, the buffer solution (Tyrode's solution containing 1 mM Ca 2 + ) was perfused onto the cells to capture baseline Ca 2 + activity. During the next 15 min, the buffer solution containing either ATP (250 mM), digoxin (200 nM), or both agents was perfused onto the cells. Time-lapse were analyzed in ImageJ software. Regions of interest (ROI) were drawn around each cell, the fluorescence values were measured by counting the total fluorescence intensity in the ROI for each frame, and the values were used to index the Ca 2 + concentration in the cell. MATLAB was used to count the number of Ca 2 + oscillations, which were defined as peaks exceeding a threshold of 1.3 times (above the noise level) of the baseline fluorescence intensity. The frequency of Ca 2 + oscillations was defined as the average number of oscillations per cell over 15 min. Each slide represented one sample (n = 4-6).
Statistics
All data sets were analyzed with one-factor analysis of variance (ANOVA), to determine the significance among groups, and Fischer's LSD post hoc test ( p < 0.05) using StatView software. Significance is denoted by alphabetical letterings; groups with no significance are linked by the same letters, while groups with significance do not share the same letters. To test for synergistic or additive effects between digoxin and ATP, the interaction term of a two-factor ANOVA was used as previously described, 42 where the factors assessed were digoxin and ATP. Univariate regression was run to correlate pyridinoline content with the tensile modulus.
Results
Gross morphology and histology
At the end of 4 weeks of culture, all neocartilage constructs had smooth surfaces and uniform morphology (Fig.   1 ). All neotissues stained uniformly for GAG and collagen with no gross differences in staining intensity among the groups ( Fig. 2A) . Histology images were taken of regions near the center of the constructs. No indication of necrosis in the center of the construct has been observed among all constructs. In addition, the neocartilage from all groups stained positively for type II collagen and negatively for type I collagen ( Fig. 2A) , indicating the formation of hyaline-like cartilage phenotype. At the end of the 4-week culture, the biochemical components of the engineered tissues were quantitatively assessed. All digoxin-and ATP-treated constructs had significantly higher collagen per WW than untreated controls (52-110% increase) (Fig. 2B ). Digoxin and ATP alone groups presented the highest amount of collagen/WW. In line with previous results, 19 ouabain increased collagen/ WW by *90% over controls. Application of inhibitors, KB-R7943 and suramin, did not abolish the action of digoxin and ATP in terms of collagen content. These results indicate that digoxin and ATP promote collagen synthesis in engineered neocartilage.
Assessing the pyridinoline cross-linking content in the engineered tissue revealed that digoxin (low) and digoxin (low) + ATP groups had a higher amount of pyridinoline per collagen (PYR/collagen) than the ouabain, digoxin (high), and ATP groups (Table 1) . Univariate regression analysis revealed that PYR/collagen was statistically correlated with the Young's modulus (R 2 = 0.70) (Fig. 3) , indicating that the formation of collagen cross-links was a major contributor to neocartilage biomechanical properties.
Ouabain and ATP did not affect GAG content over controls. However, all digoxin-treated groups had lower GAG content (GAG/WW) ( Table 1) . Pretreatment with the NCX inhibitor KB-R7943 abolished digoxin-induced changes in the GAG content of neotissue. Finally, the number of cells per construct was significantly decreased in the digoxin (high) group compared with controls, while no significant differences were observed in the other groups (Table 1) .
Biomechanical properties
Compressive and tensile testing was conducted to determine the biomechanical properties of the neocartilage constructs. In terms of compressive properties, no significant differences were detected among the groups (Table 2 ). For the tensile properties, digoxin (low), digoxin (high), ATP, and ouabain significantly increased the neotissue's Young's modulus over untreated controls by 282%, 170%, 148%, and 120%, respectively (Fig. 4A) . A low dose of digoxin (200 nM) was more effective in enhancing the tensile properties of the neocartilage compared with the higher dose of digoxin (20 mM) and ouabain (20 mM). Combined treatment of digoxin (low) and ATP resulted in the highest increase in the tensile modulus (*380% increase over controls). Pretreatment with the NCX inhibitor KB-R7943 only partially abolished digoxin-induced effects, while pretreatment with suramin completely abolished ATP-induced effects. Similar trends were shown in the UTS of the constructs (Fig. 4B) . Results in this study show that digoxin and ATP significantly enhanced the tensile properties of the constructs, while their combined treatment resulted in an additive increase.
Ca 2 + oscillations in 2D-cultured chondrocytes
To probe the mechanisms underlying the effects of digoxin and ATP toward enhancing the above properties of the neocartilage, we examined the effects of these agents on modulating Ca 2 + signaling in chondrocytes. Without any stimulation, chondrocytes are known to exhibit a basal level of Ca 2 + oscillations, a signaling process that has been linked to the regulation of matrix production following mechanical stimulation. Application of digoxin (200 nM) and ATP (250 mM) to monolayer-cultured chondrocytes significantly increased the frequency of intracellular Ca 2 + oscillations over basal levels (Fig. 5C) . When comparing between treatments, ATP induced a higher frequency of Ca 2 + oscillations than digoxin, while the combination of the two produced a frequency similar to that of ATP alone.
The digoxin-and ATP-induced Ca 2 + oscillations exhibited different characteristics as seen in the representative traces in Figure 5B . It was also noted that chondrocyte Ca 2 + activities were heterogeneous among individual cells in a population of cells cultured and treated under identical conditions. Digoxin-induced Ca 2 + oscillations showed little periodicity, were generally small in amplitude, and had a rolling shape (Fig. 5B, top panel) . Such a response to digoxin was observed in *60% of the cells, while the other 40% did not show any discernable response. ATP, on the other hand, induced a single large Ca 2 + peak immediately after drug application in more than 95% of the cells. This initial peak was followed by trains of periodic oscillations (3-8 peaks over 15 min) in *20% of the cells (Fig. 5B,  bottom panel) . In the other *80% of the cells, only 0-2 peaks were observed immediately after the initial peak (Fig.  5B, bottom panel) . The combination of digoxin and ATP generated Ca 2 + oscillations that were similar to those generated by ATP alone. Collectively, these results demonstrate the ability of digoxin and ATP to increase the frequency of Ca 2 + oscillations in chondrocytes. The differential effects of digoxin and ATP on modulating the Ca 2 + signaling in chondrocytes shed light into their different effects on modifying the biochemical and biomechanical properties of the neocartilage. More extensive mechanistic studies are needed to fully understand these differences, but are out of the scope of this project.
Discussion
Tissue engineering holds great potential toward treating articular cartilage defects resulting from trauma or degenerative diseases, such as osteoarthritis. However, current methods to develop the neocartilage in vitro result in functionally inadequate matrices possessing poor biochemical and subsequently inferior biomechanical properties compared with native tissue. To address this problem, mechanical stimuli, such as static loading, dynamic compression, or hydrostatic pressure, have often been used to increase chondrocyte collagen production. 10, 43, 44 Although the mechanism of chondrocyte mechanotransduction is not fully understood, previous studies suggest that ATP signaling, ion channels, and the primary cilia are likely involved in transducing extracellular biomechanical signals to both intracellular chemical and electrical signals. 28, 45, 46 Given calcium's role in the mechanotransduction pathway, the application of Ca 2 + -modulating agents to developing neocartilage presents as a potential strategy to improve the ECM of neotissues and enhance their functional properties.
FIG. 3.
Pyridinoline per collagen plotted with Young's modulus (both normalized to control) indicated a strong correlation between collagen cross-links and tensile properties. Color images available online at www.liebertpub.com/ tea   FIG. 4 . Neocartilage Young's modulus (A) and ultimate tensile strength (B) after 4 weeks of culture. Digoxin and adenosine triphosphate (ATP), either alone or combined, were able to increase the tensile properties of the neocartilage compared with controls. Significant differences ( p < 0.05) exist between groups not sharing the same letters.
The results of this study demonstrate that digoxin or ATP can improve the biomechanical properties of the neocartilage through ECM component modification. Specifically, application of either digoxin (200 nM and 20 mM) or ATP (250 mM) significantly increased the collagen content of neocartilage by *1.5-to 2-fold over controls and the tensile modulus by *2-to 4-fold over controls. When digoxin (200 nM) and ATP (250 mM) were applied together, they additively increased the tensile modulus by *5-fold over controls reaching a Young's modulus of *3 MPa. In comparison with native tissue values, juvenile bovine articular cartilage tested under the same methods possessed a Young's modulus of *4-5 MPa. 47 When further matured over the long term in an in vivo environment, self-assembled cartilage constructs are envisioned to have the potential to approach native tissue properties. In addition to the characterization of neocartilage properties, live Ca 2 + imaging of chondrocytes supports the ability of ATP, digoxin, or ATP + digoxin to increase the frequency of intracellular Ca 2 + oscillations in these cells. Collectively, this study demonstrates that modulation of intracellular Ca 2 + in articular chondrocytes through digoxin and ATP is a viable strategy toward enhancing neocartilage functional properties.
A pilot study initially investigated the effects of six different doses (0.002, 0.02, 0.2, 2, 20, and 200 mM) of digoxin on the viability and metabolic activity of articular chondrocytes (data not shown). Based on these results, a high dose of digoxin (20 mM) was applied to investigate its effect on the engineered neotissue; a low dose of digoxin (200 nM) was tested to explore a lower therapeutic dose. The 200 nM (low) dose of digoxin was found to have a better effect on construct properties than the 20 mM (high) dose of digoxin. Both doses significantly increased collagen content to similar values (54-73% increase over controls), but the low dose increased the tensile modulus more than the high dose. The lower tensile properties of the digoxin (high) group can be attributed to its lower collagen cross-linking content. It is also possible that the 20 mM dose of digoxin promoted a cytotoxic effect on the cells, as potentially indicated by the lower DNA content. Therefore, 200 nM of digoxin was determined to be an effective dose that enhances both collagen content and tensile properties of neocartilage constructs without having significant adverse effects.
When compared with 20 mM ouabain, digoxin (low and high) was found to have a more potent effect. Specifically, digoxin (low) significantly increased the Young's modulus by 54% and digoxin (low and high) significantly increased the UTS by *50% over that of ouabain. The current data also suggest that these differences can be attributed to digoxin's ability to induce more collagen cross-links than ouabain. In addition, differences in the amount of collagen between the two treatments may be attributed to the fact that these agents act in different cellular spaces. 48 Interestingly, previous reports have reported different mechanisms of action of digoxin and ouabain. For example, digoxin and ouabain can induce different hemodynamic effects in rats, (C) All agents increased the frequency of Ca 2 + oscillations over baseline controls, as determined by a paired t-test (significance denoted by an asterisk). ATP and digoxin + ATP induced more Ca 2 + oscillations than digoxin alone, as determined by a one-way analysis of variance comparing the different drugs (black bars). Significant differences ( p < 0.05) exist between groups not sharing the same letters. Color images available online at www.liebertpub.com/tea indicating the two drugs may have different cellular effects. Digoxin not only affects the Na + /K + -ATPase but may also affect intracellular receptors and transmembrane calcium channels differently than ouabain. Although these molecular mechanisms are still under investigation, this study supports that digoxin has a more potent effect over ouabain in enhancing neocartilage properties.
Although digoxin and ATP increased neocartilage collagen content and tensile properties, these two properties did not correlate as typically expected. 50 Previous attempts to correlate mechanical properties with matrix components, such as collagen, GAG, and mineralization, have been met with inconsistent results. [50] [51] [52] [53] In one study, a significant correlation was found between tensile strength and collagen content of engineered cartilage, 54 while another study reported no significant correlation between the Young's modulus and collagen content. 51 A tissue's tensile properties most likely arise from the interactions among multiple matrix components. Some of these have received little attention, such as pyridinoline cross-links within the collagen network. Pyridinoline cross-links of the collagen fibers of the ECM have been shown to significantly contribute to the tensile properties of bovine articular cartilage. 55 In an analysis of rat tendon, the pyridinoline cross-link was even shown to be a better indicator of the ultimate tensile stress than collagen content. 56 Therefore, both collagen content and cross-linking can contribute significantly to the tensile properties of musculoskeletal tissues. In the present study, regression analysis revealed that for the treated groups, tensile properties were found to correlate (R 2 = 0.70) with the amount of pyridinoline cross-links normalized to collagen (Fig. 4) . Interestingly, the digoxin (low) group exhibited the highest amount of PYR/ collagen, showing for the first time that digoxin can increase collagen cross-links in articular cartilage.
Although the control group contained a higher cross-link-tocollagen ratio compared with all treated groups, its tensile properties were lower. This paradox may be explained by the timing of treatment application. In self-assembled neocartilage, the collagen content plateaus at roughly 10 days, which is then followed by tissue maturation. 57 Treatment with the agents on days 10-14 may have induced additional collagen synthesis that may not have had sufficient time to form cross-links, as formation of mature (trifunctional) pyridinoline cross-links requires 7-28 days. 58 Therefore, the control group did not exhibit any correlation between the Young's modulus and PYR/ collagen content, as did the other groups.
The compressive properties of the neocartilage remained indifferent to treatment, despite observed changes in the GAG content. All digoxin-treated groups significantly lowered neocartilage GAG content, while ouabain and ATP had no effects on GAG. However, digoxin was found to promote greater collagen cross-links, which may result in a more functional collagen matrix better able to handle both tensile and compressive loads, despite decreased GAG levels. Furthermore, while most articular cartilage engineering approaches result in relatively low levels of collagen, they are able to attain quantities of GAG on par with native tissue. 38 Therefore, it is of interest to target approaches that increase the collagen content and tensile properties of engineered cartilage without necessarily further increasing GAG content. Intracellular ion modulation with digoxin and ATP provides a method for increasing tensile properties and collagen content independent of affecting the compressive modulus.
Time-lapse confocal microscopy supports that digoxin and ATP can modulate intracellular Ca 2 + signaling in 2D-cultured chondrocytes. Effects of digitalis glycosides on nonexcitable cells, such as chondrocytes, have not been previously studied. In excitable cells, such as cardiomyocytes, digoxin can induce spontaneous Ca 2 + transients from overloaded and unstable intracellular Ca 2 + stores. 59 The increased frequency of Ca 2 + oscillations in digoxin-treated chondrocytes may be a result of similar mechanisms. On the other hand, ATP has been well known to induce trains of Ca 2 + oscillations in chondrocytes 60 and other cell types. In chondrocytes, Ca 2 + oscillations induced by ATP have been attributed to the activation of P2Y receptors and release of endoplasmic reticulum-stored Ca 2 + through the IP3 pathway. 24 It is unclear why ATP induces periodic trains of Ca 2 + oscillations in only a proportion of the cells (20%), as reported in this study and in previous studies, 60 but the heterogeneity of the chondrocyte population may be a factor. Treatment with the combination of digoxin and ATP induced Ca 2 + oscillations of a similar frequency, as in ATPtreated cells, despite the two groups resulting in significantly different neocartilage properties. Further studies will be required to explore the nuances of Ca 2 + oscillations or parallel signaling pathways that could lead to such differences. The data in this study support that digoxin and ATP can modulate intracellular Ca 2 + signaling in chondrocytes and that these signaling cascades are likely linked to observed changes in neocartilage properties.
The mechanisms of action of digoxin and ATP were also explored using the inhibitors KB-R7943 and suramin, respectively. KB-R7943 binds to and inhibits the reverse mode of the NCX and has been shown to prevent digoxin-induced rises in intracellular Ca 2 + . In the present study, addition of KB-R7943 partially abolished digoxin (low)-induced changes in Young's modulus and GAG content, but did not abolish digoxin-induced changes in other construct properties. Therefore, digoxin may act by pathways independent of the NCX. Inhibition of the Na + /K + -ATPase may alter cell resting potential, cell swelling, and MAPK activation 61 among other effects. Interestingly, these cellular changes are also known to occur in chondrocytes during mechanical compression of cartilage. [62] [63] [64] Suramin, on the other hand, a reported inhibitor of the P2Y receptor, abolished ATPinduced changes in the Young's modulus, but did not affect ATP-induced changes in the collagen content. These results indicate that ATP can act by pathways independent of the P2Y receptor. ATP is also known to bind cell surface P2X receptors, ligand-gated ion channels that can affect intracellular ion concentrations, and cell signaling. In addition, chondrocyte surface ectonucleotidases can convert extracellular ATP into adenosine, 65 a widely studied extracellular signaling molecule in cartilage biology. Depletion of extracellular adenosine has been shown to promote cartilage degradation, 66 indicating a role of adenosine in cartilage matrix homeostasis. Therefore, digoxin and ATP may have multiple effects on the chondrocyte, which require further study. These Ca 2 + -independent pathways may also contribute to the additive effects seen by digoxin and ATP, which could not be explained by the Ca 2 + signaling characteristics.
In conclusion, the present study supports that modulating intracellular Ca 2 + concentration through exogenous application of the chemical agents, digoxin and ATP, can alter the development of engineered articular cartilage. Application of 200 nM digoxin and 250 mM ATP individually increased the tensile modulus and collagen content of the engineered cartilage, while their combination resulted in additive increases in both the biochemical and functional properties. Overall, this study provides evidence that agents known to modulate intracellular Ca 2 + concentration are effective in developing more robust neocartilage through increasing collagen content and collagen cross-links. Additionally, the ability of these agents to be applied exogenously raises the potential for direct in vivo applications of these drugs, for example, through intra-articular injections, to treat degenerative cartilage pathologies such as osteoarthritis.
